In Electric Arc Furnace (EAF) steelmaking, liquid metal splashes on the furnace wall due to the impingement of high speed oxygen jet on molten metal surface. The splashed metal droplets cause wear of furnace wall and loss of production. Optimization of the operating condition (lance angle, lance height and flow rate) may reduce splashing and increase productivity. In the present study, the effect of different operating conditions on the wall splashing rate was investigated. Air was injected on water surface in a small-scale thin slice model at different lance angles, lance heights and flow rates. Splashed liquid in the forward direction was collected and measured in each case. The forward splashing rate was found to increase with the increase of lance angle from the vertical and flow rate. The critical depth of penetration as well as the impact velocity for the onset of splashing was found to decreases with the increase of lance angle from the vertical. The effect of lance angle on the dimensionless Blowing number (NB), which is a measure of droplet generation rate, was quantified. A new approach has been proposed for modelling the gas jet impinging phenomenon inside the real furnace using room temperature water model.
Introduction
In Electric Arc Furnace (EAF) steelmaking, scrap metal is melted by using electric arc and oxy-fuel burner inside the furnace. After melting, the molten metal is refined by blowing oxygen supersonically into the bath. Supersonic gas jets are preferred over the subsonic jets because of high dynamic pressure associated with them which results in a higher depth of penetration, increased surface area for reaction because of the generation of more droplets and better mixing. But the high speed gas jets also result in splashing of liquid melt onto the water-cooled panels that may cause premature failure, slag/steel sticking to the lance resulting poor tip life and sidewall refractories premature erosion. 1) A significant number of papers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have been published on top jetting because of the predominance of Basic Oxygen Furnace (BOF) steelmaking process in which the supersonic oxygen lance is vertical. But limited attention has been paid to the inclined jetting case which is used in EAF steelmaking furnace although the use of EAF route is increasing day by day. 13) In 2005, approximately 33.1% of the world's steel production came from EAF route. 13) Collins and Lubanska 14) conducted a number of experiments in order to investigate the effect of jet momentum, lance angle and lance height (distance between lance exit and still bath surface) on the depth of penetration. Using dimensional analysis and experimental results, an empirical equation was proposed to calculate the maximum penetration depth. The depth of penetration was found to decrease with the increasing lance angle from vertical. Holden and Hogg reported 15) that as the inclination of the lance from vertical became steeper, the depth of the cavity decreases while the length (cavity width along the direction of jet) increases and width (cavity width perpendicular to jet) remain constant. McGee and Irons 16) developed a mathematical model to calculate the penetration depth at different lance angle. Peaslee and Robertson 1) investigated in detail the mechanism of droplet generation in both top and inclined jetting. In another study, Peaslee and Robertson 17) concluded that splashing is reduced by the use of thick, viscous and foamy slags. Li et al. 18) observed that the cavities, formed by inclined gas jet, oscillate due to the wave generated by the gas jet and the wave propagates along the base of the cavity. They 19) also related the oscillation frequency of the cavity with the formation of different impingement modes (dimpling, splashing and penetrating) reported by Molloy. 20) McGee and Irons 16) made visual observation of splashing phenomenon due to inclined jetting. They concluded that 40 degree lance angle from vertical produces less splashing from visual observation. There are no direct measurement of splashing rates at different operating conditions (lance angle, flow rate, lance height) available in the current literature. The present experimental study is focused on increasing the understanding of splashing phenomenon at different lance angles, lance heights and flow rates and where possible quantifying these effects.
Experimental Apparatus and Setup
The experimental study was carried out at Steel Research Centre in McMaster University. The experimental setup, ISIJ International, Vol. 51 (2011), No. 9 used by McGee and Irons, 16) was modified for the current study. A one-third scale thin slice water model was used to simulate the ArcelorMittal Dofasco's EAF as shown in Fig  1. The details of the dimensional analysis were discussed by McGee and Irons 16) in their paper and therefore, have not been repeated here. The model is 2 080 mm long, 1 450 mm deep and 25 mm thick. The thin slice model was used to allow measurement of the penetration depth and observe the shape of the cavity more accurately. Thin slice nature of the model introduces some artefacts; the jets penetrate more deeply than a 3D jet because they are constrained in the thin slice dimension; the jet model developed by McGee and Irons accounts for this phenomenon. 16) A schematic diagram of the experimental set up is shown in Fig. 2 . In this study, water and air were used to simulate steel and oxygen respectively. A slag layer was not considered. A 14 mm diameter straight lance was used to inject air on the water surface which was connected with a compressed air tank. An in-line flow meter and pressure gauge was used to monitor and control the compressed air before it entered the lance. When the gas jet impinged on liquid surface, it created a depression on the liquid surface and liquid droplets splashed on the wall of the vessel. The depression depth and shape of the cavity was recorded by using Olympus C-7070 wide zoom camera with 7.1 megapixel resolution and 4x optical zoom. The videos were recorded at 15 fps (frames per second). Then by using "Photron Fastcam Viewer" software, the video recording was converted to 15 images per second. The images were then used to measure the cavity depth and diameter with the help of the grid attached on the side wall of the water model. Splashing rates were measured by collecting the splashed liquid in eleven small plastic containers which were attached in an aluminium rod as shown in Fig.  3 . The splashed liquid was collected at a distance of 750 mm (shown by dotted line in Fig. 1 ) from the jet impingement point. The length, width and height of each plastic container were 40 mm, 23 mm and 25 mm respectively. The plastic containers were numbered from 1 to 11 starting from the bottom (close to water surface). The gap between the bottom surface of first container and the water surface was 100 mm. The gaps between containers are shown in the Fig. 3 . After the impingement of gas jet and commencement of splashing, the aluminium rod with the buckets was inserted in the thin slice model, at the position shown by dotted line in Fig. 1 , and then taken out after certain time. The time of splash collection was varied from 10 seconds (High Flow rate) to 3 minutes (Low flow rate). The total volume of water in each bucket was then measured by pouring them into a measuring flask and dividing by the time of splash collection to calculate the splashing rate in millilitres per second. Splashing rates were measured for three different lance angles (35, 40 and 45 degrees from the vertical), five lance heights (65, 105, 124, 145 and 165 mm) and three flow rates (0.43, 0.57, 0.71 Nm 3 /min). The flow rates were selected based on modified Froude Number similarity to model the Dofasco's full scale furnace. The details similarity analysis were presented elsewhere. 16) For each set of operating conditions (lance height, lance angle and flowrate), splashing rate was measured six times and the average was taken as the splashing rate for that particular operating condition. Only forward splashing rate was measured in the present study because of the thin slice nature of the model which is also the maximum splashing rate because in case of inclined jetting splashing rate is maximum in forward direction directly in front of the lance. The error in the measurement of splashed Figure 4 shows that the higher the lance gas flow rate, the deeper the cavity which is expected because of the high dynamic pressure. McGee and Irons 16) showed that the depth of penetration is proportional to the square of flow rate. Figure 5 shows the splashing rate at different flow rates. As expected, splashing rates were higher at higher flow rates at all lance heights and angles. This is because at higher gas flow rates, the impact dynamic pressure as well as shear stress at the gas liquid interface is higher which in turn increases the droplet generation rate. But the slope of these curves was found to be different at different lance angles and lance heights. At 65 mm lance height, the splashing rate increased dramatically with lance angle compared with 165 mm lance height where the slope of the splashing curves did not vary significantly with lance angle. Also at 45 degree lance angle, splashing rate increased rapidly with flow rates compared to other lance angle at all lance heights. An explanation of these observations will be discussed in the next section. Figure 5 shows that at a constant flow rate and lance height, splashing rate increases with increasing lance angle from the vertical. This can be explained from the shape of the cavity formed during jetting. Figure 6 shows the shape of the cavity formed at two different operating conditions:
Results

Effect of Lance Gas Flow Rate
Effect of Lance Angle
At 35 degree lance angle, deeper cavity was formed compared to 45 degree lance angle and the droplets that were generated from the edge of the cavity, recirculated into the cavity which in turn reduced the forward splashing rate. 1) This is known as the penetrating mode. 20) On the other hand, at 45 degree lance angle, the droplets that were generated from the edge of the cavity, moved forward and splashed on the wall of the furnace. This is known as the splashing mode 20) of operation. With increasing lance angle from vertical, cavity shape changed from the penetrating mode to splashing mode which in turn increased the rate of wall splashing. Figure 5 also shows that at constant flow rate, increasing rate of splashing with lance angle is different at ISIJ International, Vol. 51 (2011), No. 9 different lance heights. Figure 5 is modified and presented in Fig. 7 to show the effect of lance angle on splashing rate. In Fig. 7 , rate of increase of forward splashing with lance angle is higher at 65 mm and 105 mm lance height compared with 165 mm lance height. As discussed earlier, at 65 mm lance height, the change in angle changed the impingement mode from penetrating to splashing which in turn increased the splashing rate. Also, the deflected gas velocity at the gas liquid interface after impingement was higher at the steeper lance angle which in turn increased the splashing rate because of high shear stress. This was also the case for 105 mm lance height. But at 165 mm lance height, the cavity was already in splashing mode at 35 degree lance angle. Droplets that were generating from the edge of the cavity were moving forward rather than recirculating inside the cavity. The change in lance angle from 35 degree to 45 degree increased the splashing rate only due to the increase in deflected gas velocity, as well as, the effect of the shear stress at the gas liquid interface, which has been described earlier.
As a result, increasing rate of splashing (slope of the curves) is higher at 65 mm and 105 mm lance height compared to 165 mm lance height. Figure 8 shows the change in splashing rate with lance height at different lance angles. At all lance angles, splashing rate increased with increasing lance height from the liquid bath up to a critical distance and then started to decrease with further increase in lance height. When the nozzle was close to the surface, a very deep depression was formed in the liquid bath and the liquid droplets from the edge of the cavity recirculated into the cavity. With the increase of lance height, the cavity shape slowly converted from penetrating regime to splashing regime and the splashing rate increased. In other words, at higher lance height, the cavity was wider, providing large contact area for increased momentum transfer from gas to liquid. As a result more droplets were generated. When the critical lance height was reached, further increase in lance height decreased the momentum intensity at the surface and splashing rate was reduced. In case of top blowing similar trend was observed by the previous researchers. 4, 6, 21) Figure 8 also shows that the critical lance height at 35 degree lance angle was higher compared to 40 and 45 degree. This was expected because at 35 degree lance angle, deeper cavity was formed compared to 40 and 45 degree. As a result, change of cavity shape from the penetrating mode to splashing mode occurred at higher lance height.
Effect of Lance Height
Splashing Distribution on the Wall
The volume of splashed water in each plastic container was plotted against the container position to obtain the (Fig. 9) . At lower lance height (65 mm), a higher proportion of liquid splashed towards the lower part the converter, close to the bath surface. Splashing rate on the upper part of the wall was very low compared to the lower part. Again the reason is the shape of the cavity formed at this particular operating condition. Also at lower lance height when the angle of inclination from the vertical was increased, the splashing rate also increased dramatically at the lower part of the wall due to transformation from penetrating to splashing mode. When the lance height was increased, more and more liquid splashed to the upper part of the wall along with the lower part. At 165 mm lance height, as shown in Figs. 9(a) and 9(b), splashing rate on the upper part of the wall was higher than that of 65 mm lance height. This was because at 165 mm lance height, the cavity was wider compared to that at 65 mm lance height and hence, more of the generated droplets splashed to the upper part of the converter wall. From Fig. 9 it can be concluded that the wall splashing rate can be reduced by operating at low lance height (penetrating mode), but the lance angle should be selected carefully.
Discussions
Dimensionless Relationship of Depth of Penetration
The interaction of a vertical gas jet with the liquid was first analysed theoretically by Banks and Chandrasekhara 10) using stagnation pressure analysis method. In the present study, their 10) stagnation pressure analysis has been modified for the inclined jetting case. Figure 10 shows the schematic of inclined jetting on a liquid surface:
The axial centreline velocity Uj for a turbulent jet can be expressed as:
Where U0 is the gas velocity at nozzle exit and K2 is a constant. Neglecting the effect of surface tension, the vertical component of the gas dynamic pressure in the proximity of the stagnation point is balanced by the hydrostatic head: Where ρg and ρl is the gas and liquid density respectively, P is the depth of penetration and g is acceleration due to gravity. Combining Eqs. (1) and (2) .... Figure 11 shows the plot of dimensionless jet momentum vs the dimensionless cavity depth. The plot shows a straight line and the slope of this straight line is 34.92 which is equal to . Hence, the value of K2 in the present study is calculated as 7.4, which is in the range of the K2 values (6.4 to 7.9) calculated by the previous researchers. 
Critical Depth of Penetration
In the present study, the critical depth of penetration of water at different lance angle was measured at constant lance height. Critical depth of penetration means the depth at which the droplet generation starts. Chatterjee and Bradshaw 3) proposed an equation to calculate the critical depth of penetration of different liquids for top jetting. They concluded that critical depth of penetration depends only on liquid properties and the influence of lance height is negligible. Shrivastava et al. 22) found that the critical depth of penetration for the onset of splashing decreases with the increasing lance angle from the vertical. Similar observation was made in the present study. Although the penetration depth deceases linearly with lance angle, 16) Fig. 12 shows that the critical depth of penetration does not decrease linearly with lance angle. The critical depth of penetration was found to have a parabolic relationship with the angle and can be expressed as:
Using the above equation, the critical depth of penetration at different lance angle can be determined if the critical depth for top jetting case is known. At zero degree (top jetting) lance angle, critical depth of penetration for water becomes 0.0151 m which is close to the value of 0.0154 m for top jetting case. 19) Li and Harris 19) derived an equation for calculating the critical tangential gas velocity at the onset of splashing based on Kelvin-Helmholtz instability: Where Ug is the critical tangential gas velocity and is shown in Fig. 10 . They have related the critical gas velocity Ug with the free turbulent jet axial velocity Uj, using the following equation Where η defines the fraction of the jet velocity at the impingement point that is converted to the tangential velocity across the gas-liquid interface. From the previous works with top jetting, the value of η has been found to be 0.42. 19) It is apparent from Fig. 10 that the value of η will depend on the angle of inclination. At a higher inclination angle from the vertical, the fraction of jet velocity converted to tangential velocity increases. Now substituting U g in Eq. (5) 8) Combining Eqs. (7) and (8) (9) Equation (8) clearly shows that the critical depth of penetration depends on both angle and η value. That is why the critical depth of penetration is not a linear function of angle. Using the experimentally determined critical depth of penetration, the value of η can be calculated at different lance angle using Eq. (9). Hence, the value of η at different lance angle can be calculated by dividing the top jetting value of η by the factor .
Effect of Lance Angle on Blowing Number
In order to quantify the droplet generation rate, Subagyo et al. 8) defined a dimensionless blowing number (N B ) by rearranging Eq. (7) Blowing number is an estimate of how many times the critical Kelvin-Helmholtz interface instability has been exceeded. Droplet generation starts when the blowing number is equal to one. Calculating the value of η using Eq. (9), the critical impact velocities (U j ) at the onset of splashing at different lance angles were calculated using Eq. (10) assuming Blowing number equal to one and are presented at Table 1 . Table 1 shows that in case of top jetting, the critical velocity for the onset of splashing is 15.74 m/s which was also shown by previous researchers. 20) Table 1 also shows that the higher the angle of inclination from the vertical, the lower the critical impact velocity at the onset of splashing. In other words, Blowing number at the gas-liquid interface reaches unity at lower impact velocity because of higher η values. If the lance angle is greater than 79 degree, the value of η exceeds 1 according to Eq. (10) which is theoretically impossible. Also when the lance angle becomes 90 degree, the critical dynamic pressure becomes zero. But there will be some splashing even if the gas jet flows parallel to the interface. So Eqs. (8)- (10) should not be used for lance angles higher than 79 degree from the vertical. In EAF steelmaking, normally the lance angle does not exceed 50 degree from the vertical. Hence, Eqs. (8)- (10) can be used for normal EAF steelmaking range. But further experimental study is required to develop a more rigorous equation for calculating η value at different lance angles.
Subagyo et al. 8) reported that the droplet generation rate increases with Blowing number. The present study shows that at constant lance height and flow rate, the blowing number on the jet-liquid interface increases with increasing lance angle from the vertical due to an increase in η value. Figure 14 shows the variation of Blowing number with lance angle at three different lance heights and 0.43 Nm 3 / min flow rate. The velocity of the gas jet at the interface were calculated by using the following expression: 4) .................... (12) The axial velocity at a distance of less than five nozzle exit diameters was assumed as equal to the nozzle exit velocity which is a reasonable assumption because it was reported that the nozzle exit velocity remain constant for three to eight nozzle exit diameter.
23) It was discussed in the previous section that the wall splashing rate increases with increasing lance angle. But an increase in blowing number does not always mean an increase in wall splashing rate although it increases the droplet generation rate. The Blowing number during inclined jetting depends on both flow rate and lance angle. If the flow rate is high but the cavity is in penetrating mode, the wall splashing rate may be lower than those operating at low flow rate and in splashing mode. Figure 15(a) shows that at 0.57 Nm 3 /min flow rate and 45 degree lance angle, the Blowing number is Nb=22 which is lower than the Blowing number (Nb=29) at 0.71 Nm 3 /min flow rate and 35 degree lance angle. But the wall splashing rate for the former condition is higher than the later one. The reason behind this is the shape of the cavity. At 0.57 . Nm 3 /min flow rate and 45 degree lance angle the cavity is operating in splashing mode whereas at 0.71 Nm 3 /min flow rate and 35 degree lance the cavity is operating in penetrating regime. But if there is no regime change occurs, an increase in Blowing number will always increase the wall splashing rate as shown in Fig. 15(b) , where the cavity is operating in splashing regime. Hence, it is very difficult to come up with an empirical equation for calculating the wall splashing rate at different Blowing number because of the regime change.
Modelling of Full-scale Furnace
Achieving complete similarity of a complex system like EAF steelmaking process is difficult. In the present study, a different approach was used to model the gas jet impinging phenomenon in the real process using the room temperature water model. But no effort was made to model the magnetic force resulting from the electrode. In order to maintain the dynamic similarity between the real process and water modelling, previous researchers have used the modified Froude number: 16) . (13) Where U0 is the gas jet velocity at the nozzle exit. Using the modified Froude number, the velocity of the gas jet at the exit of the nozzle for the water model was calculated in the present study. Then the Blowing number similarity was maintained at the liquid surface because it was reported by Subagyo et al. 8) that similar blowing number at the jet-liquid surface results in similar droplet generation rate. The present authors developed a CFD model to calculate the supersonic jet velocity characteristics at steelmaking temperature. 24) Using this model and Eq. (11) the Blowing number at the liquid surface inside the real furnace was calculated for a particular lance angle. Then from the blowing number similarity the velocity of the gas jet on the water surface (Uj) required to maintain the similar blowing number in water model was calculated. After that the lance height (H in Fig.  10 ) required to decay from nozzle exit velocity (U0) to the water surface velocity (Uj), was determined using Eq. (12). 4) Then the operating condition in the experiment was fixed to that particular gas velocity and lance height and the splashing rates were measured. The dimensional analysis for the modelling of real furnace of OneSteel operating in Laverton is shown in Table 2 :
The splashed liquids were collected at 65 nozzle exit diameter (65×6=390 mm) from the jet impingement point in the water model and the splashing rates were calculated. The splashing rate at 45 degree lance angle was calculated as 0.27 ml/s which is equal to 0.27 g/s for water. As the blowing number similarity were maintained here, it can be said that the splashing rates will be the same in case of real furnace assuming only steel as liquid with no slag on the surface. In case of real furnace the forward splashing rate of steel are expected to be 1.91 g/s (weight of splashed steel). However, industrial trials are required to confirm this prediction.
The present experimental study was performed using a thin slice model to get a better view of the cavity shape. The depth of penetration in the 3D model for a particular jet velocity would be slightly lower than that in thin slice model because jet spreading in two direction only in thin slice model. Hence, the value of K2 in Eq. (4) would be slightly different in case of 3D model. Thin slice nature of the model may have some effect on the critical penetration depth measurement also. But the present experimental study gives a better understanding of the splashing phenomenon in the case of inclined jetting.
In the present study, the no-slag condition was considered. We assumed that the impinging gas jet pushes the slag layer away from the impingement zone and exposes the liquid metal to the high speed gas jet. 12) Previous studies 1, 8) suggested that the metal droplets are generated from the gasmetal interface and then the droplets may splash outside or recirculate inside the cavity depending on the impingement mode. If a slag layer is present on top of the liquid metal, some metal droplets with low kinetic energy will end up in the slag layer and reduce the wall splashing rate. Previous studies 16, 17, 25) showed that thicker, more viscous and foamy slags result in less splashing. In conclusion, it can be said that the splashing rate would be different if a second liquid is used to simulate slag and further work is needed to include the effect of slag in the present model.
Conclusions
Water modelling experiments have been carried out to understand the effect different operating parameters on wall splashing rate in EAF steelmaking. The following conclusions can be drawn from this study:
(1) The forward splashing rate increases with the increase of lance angle and flow rate.
(2) The splashing rate is not a monotonous function of lance height. Splashing rate increases with lance height up to a critical distance and after that splashing rate decreases with the increase of lance height. The trend is similar at all lance angles from 35 to 45 degree.
(3) The splashing rate is lowest when operating in penetrating regime.
(4) The splashing rate is highest at the lower region of the wall, close to liquid surface.
(5) The use of higher lance height (less than the critical lance height) increases the overall splashing rate and more liquid splashes on the upper part of the wall compared to low lance height. At low lance height, splashing rate is reduced and is concentrated on the lower part of the wall.
(6) For inclined jetting, droplet generation starts at shallower critical depth of penetration and at lower impact velocity. Critical depth of penetration is proportional to the square of the cosine of lance angle.
(7) The Blowing number at the jet-liquid interface increases with the increase of lance angle from the vertical.
From the present experimental investigation, wall splashing rate can be reduced by placing the nozzle close to the surface and operating in penetrating regime. But there is a chance of nozzle wear due to the back splashing of liquid droplets on the nozzle. This can be avoided by the introduction of coherent jet nozzle 26) in the EAF furnace. A coherent jet gives the advantage of installing the nozzle at higher lance height because it can maintain the higher impact pressure on the bath surface to produce the penetrating regime even at higher lance height. But the angle of inclination should be carefully selected because it is shown in the present study that slight change in angle increases the splashing rate dramatically because of change in impinging mode from penetrating to splashing. 
